Non-standard interactions in the propagation of neutrinos in matter can lead to significant deviations from expectations within the standard neutrino oscillation framework and atmospheric neutrino detectors have been considered to set constraints. However, most previous works have focused on relatively low-energy atmospheric neutrino data. Here, we consider the one-year highenergy through-going muon data in IceCube, which has been already used to search for light sterile neutrinos, to constrain new interactions in the µτ -sector. In our analysis we include several systematic uncertainties on both, the atmospheric neutrino flux and on the detector properties, which are accounted for via nuisance parameters. After considering different primary cosmic-ray spectra and hadronic interaction models, we obtain the most stringent bound on the off-diagonal εµτ parameter to date, with the 90% credible interval given by −6.0 × 10 −3 < εµτ < 5.4 × 10 −3 . In addition, we also estimate the expected sensitivity after 10 years of collected data in IceCube and study the precision at which non-standard parameters could be determined for the case of εµτ near its current bound.
Non-standard interactions in the propagation of neutrinos in matter can lead to significant deviations from expectations within the standard neutrino oscillation framework and atmospheric neutrino detectors have been considered to set constraints. However, most previous works have focused on relatively low-energy atmospheric neutrino data. Here, we consider the one-year highenergy through-going muon data in IceCube, which has been already used to search for light sterile neutrinos, to constrain new interactions in the µτ -sector. In our analysis we include several systematic uncertainties on both, the atmospheric neutrino flux and on the detector properties, which are accounted for via nuisance parameters. After considering different primary cosmic-ray spectra and hadronic interaction models, we obtain the most stringent bound on the off-diagonal εµτ parameter to date, with the 90% credible interval given by −6.0 × 10 −3 < εµτ < 5.4 × 10 −3 . In addition, we also estimate the expected sensitivity after 10 years of collected data in IceCube and study the precision at which non-standard parameters could be determined for the case of εµτ near its current bound. 
I. INTRODUCTION
Neutrino oscillations have been robustly established over the past decades and this has been deservedly awarded during the last years. From neutrino oscillation experiments we know neutrinos have mass, which implies the first departure from the Standard Model (SM) of particle physics. Oscillation data provide information on the mixing angles and on the mass squared differences, which are, in the minimal and largely successful three-neutrino scenario, the solar mass splitting (∆m 2 12 7.5 × 10 −5 eV 2 ) and the atmospheric mass splitting (|∆m 2 23 | 2.5 × 10 −3 eV 2 ) [1] [2] [3] . Despite the enormous observational success achieved in constraining the leptonic mixing sector, there are still some unknowns in the neutrino mixing picture. Namely, the sign of the largest mass splitting remains unknown, as well as the octant of the mixing angle θ 23 and the possible existence of leptonic CP violation. Neutrino physics has already entered into the high-precision measurements era and subleading effects due to exotic couplings, affecting neutrino production, propagation and/or detection processes, may also appear in the neutrino sector [4] . These, so-called, non-standard interactions (NSI) have been subject of extensive work in the past years (for recent reviews see, e.g., Refs. [5, 6] ), both from a pure theoretical perspective (see, e.g., Refs. [7] [8] [9] ) and with more phenomenological approaches, constraining their relative size with different experimental setups (see, e.g., Refs. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] ). Although constructing (SU (2) L ×U (1) Y gauge-invariant) models with large neutrino NSI and consistent with all current experimental constraints, mainly from charged-lepton flavor-violating processes, requires a certain amount of fine-tuning [9] , they cannot be completely excluded. Therefore, from the phenomenological point of view, it is worth to exploit all available data to constrain neutrino NSI.
The relative size of NSI with respect to standard neutrino oscillations depends on the neutrino energy. At very low (sub-GeV) energies, the NSI terms are sub-dominant with respect to standard (vacuum) neutrino oscillations. At intermediate energies, O(1 − 10) GeV, NSI can interfere with the standard matter potential and vacuum oscillation terms, modifying the neutrino propagation through the Earth. At higher energies, NSI effects may dominate. Notice, however, that such an energy dependence is different if the NSI are due to light mediators (see, for instance, Refs. [27, 28] ). In this case the effects depend on the high-energy, gauge-invariant, completion of each scenario. We will not consider this possibility, since our analysis is based on model-independent four-fermion effective operators, that we assume to be generated above the electroweak scale.
Therefore, exploiting the NSI energy dependence over a large range of energies and baselines seems a promising way of constraining these new potential neutrino interactions. As the presence of the NSI affects neutrino propagation in a medium, having a large range of available neutrino baselines crossing the Earth would help enormously in disentangling standard oscillations from NSI. Thus, atmospheric neutrinos provide a unique and ideal tool to test and constrain the size of NSI effects , as their spectrum covers a huge energy range (∼ 0.1 − 10 5 GeV) and, depending on their arrival direction, they may travel distances across the Earth ranging from tens to several thousands kilometers. Most works in the literature have focused on the capabilities of past and current [31-39, 41, 44-46, 48, 49] or future detectors [40-43, 45, 47, 50] using atmospheric neutrino events in the O(10 GeV) energy range, where interference effects may take place. In particular, the Super-Kamiokande (SK) collaboration (exploiting the sub-GeV, multi-GeV, stopping and through-going muon samples) obtained the most stringent bounds on the diagonal and off-diagonal NSI parameters in the µτ -sector [39, 46] and recently, the IceCube Collaboration has also presented a preliminary analysis [49] using the DeepCore three-year muon disappearance result [51] , with slightly more restrictive limits than SK.
With the development of neutrino observatories, NSI searches via atmospheric neutrino fluxes benefit from larger detector sizes (and consequently, larger atmospheric neutrino event samples) and major improvements in energy reconstruction at neutrino energies above O(10 GeV), and up to O(10 PeV), although they have higher energy thresholds. This has been the main goal of Refs. [40, 41, 43, 44, 48, 49] , where the iceČerenkov IceCube neutrino observatory and/or its low energy extensions, the DeepCore or the future PINGU detectors, have been considered as the ideal targets where to test neutrino NSI, exploiting atmospheric neutrino fluxes. On the other hand, although at high-energies the standard neutrino oscillation phase, which is inversely proportional to the neutrino energy, is very small, in the presence of NSI, oscillations are not suppressed with energy and they only depend on the baseline. The data from the 79-string configuration in IceCube [52] was used to set constraints on NSI in Ref. [41] .
Here we perform an analysis of the NSI effects on the propagation of high-energy atmospheric neutrinos by considering the publicly available IceCube one-year upgoing muon sample [53] , referred to as IC86 (IceCube 86-string configuration), which contains 20145 muons detected over a live time of 343.7 days. We focus on the high-energy region of the atmospheric neutrino spectrum, and thus our results are complementary to those of previous analyses of IceCube data [41, 48, 49] , some of them dealing exclusively with the low-energy atmospheric neutrino sample observed at the DeepCore detector [48, 49] . In order to perform the analysis, we use the public IceCube Monte Carlo 1 that models the detector realistically and allows us to relate physical quantities, as the neutrino energy and direction, to observables, as the reconstructed muon energy and zenith angle. To account for some possible systematic uncertainties on the atmospheric neutrino flux, neutrino parameters and detector properties, we also include a number of nuisance parameters. We obtain the most stringent limits to date on the off-diagonal NSI parameter ε µτ . Finally, we also present a forecast of the sensitivity to NSI from future high-energy atmospheric neutrino data. We simulate 10 years of collected data in IceCube and assess how the bounds would improve and how well the presence of NSI could be determined, in case they exist.
The paper is organized as follows. In Sec. II we briefly review the NSI formalism relevant for the data we consider, i.e., for high-energy atmospheric neutrinos crossing the Earth, and describe the main features of the NSI effects. Then, in Sec. III we describe the data we use and explicitly show the potential effects of NSI on this type of observations. In Sec. IV, we first describe the likelihood and the different systematic uncertainties included in the analysis, presenting then the current bounds on NSI using the one-year through-going muon IceCube data. We finish that section by discussing the prospects for future limits with improved statistics (10 years of data) and we summarize our findings in Sec. V.
II. FORMALISM
We consider neutrino NSI that are generated by new physics above the electroweak scale, so that at low centerof-mass energies, E m W (or, equivalently, E m X , where m X is the mass of the heavy mediator), they can be described via model-independent four-fermion effective operators. These can be of neutral current (NC) type [4] ,
where ε f P αβ are the NC NSI parameters (by hermiticity ε f P αβ = (ε f P βα ) * ), P = {L, R} (with L and R the left and right quirality projectors) and f is any SM fermion, as well as of charged-current (CC) type [4, 54] ,
where ε δσP αβ and εP αβ are the leptonic and hadronic CC NSI parameters (for the leptonic case, δ = σ corresponds to NC NSI), β is a charged lepton of flavor β, q is a down-type quark and q an up-type quark. In what follows, we neglect possible CP violation in the new interactions (this has been considered in different contexts [14, 35, 38, ), so we take all NSI parameters ε f P αβ , ε δσP αβ and εP αβ to be real. In the literature, NC NSI are frequently called matter NSI, since they modify neutrino propagation through matter, while the CC ones are referred to as production and detection NSI. Moreover, given that the neutrino flavor is always tagged through the flavor of the charged lepton associated with it, in the presence of CC NSI the neutrino flavor basis is not well-defined [4, 54] , since the neutrino detected or produced in association with a charged lepton does not necessarily share its flavor. In this case, flavor conversion is present at the interaction level, and the standard oscillation formulae become more cumbersome [54, 56] . Model-independent bounds on both, NC and CC NSI have been derived in Ref. [20] , where it was found that, in general, the limits on production and detection NSI are one order of magnitude more stringent than those on matter NSI. Model-dependent bounds in several new physics scenarios [4, 54] also indicate that constraints on CC NSI are typically much more stringent. Therefore, we shall neglect CC NSI and concentrate only on NC NSI in the following.
The standard evolution Hamiltonian for neutrinos includes the coherent forward scattering on fermions of the type f , ν α + f → ν β + f , given by the matter interaction potential (defined in Eq. (5) below), which affects neutrino oscillations. However, neutrinos propagating through the Earth can also interact inelastically with matter, either via CC or NC processes. As the neutrino-nucleon cross section increases with energy, for energies above ∼TeV, the neutrino flux gets attenuated [82, 83] . Whereas in the case of ν e 's and ν µ 's, the neutrino flux is absorbed via CC interactions and redistributed (degraded in energy) via NC interactions [84] , in the case of ν τ 's, there is another effect. Unlike what happens for ν e and ν µ CC interactions, where charged leptons are quickly brought to rest and do not contribute to the high-energy neutrino flux, the tau leptons produced after ν τ CC interactions can decay before being stopped, so ν τ 's are not absorbed, but the flux gets regenerated (at lower energies) [85] [86] [87] [88] [89] [90] [91] . Thus, for each ν τ which is absorbed via CC interactions, another ν τ with lower energy is produced, and the Earth does not become opaque to high-energy ν τ 's. In addition, secondary ν e 's and ν µ 's are also produced after tau leptons decay into leptonic channels [92, 93] . For high-energy neutrinos, oscillation, attenuation and regeneration effects occur simultaneously when they travel across the Earth, and the evolution equations should, in principle, include them. Notice that conventional neutrino oscillation analyses do not take into account attenuation and regeneration effects, which is a good approximation, provided the energy of the detected neutrinos is low enough. Nevertheless, this is not the case for the high-energy IceCube sample of atmospheric neutrinos we consider in this work, for which attenuation needs to be included. On the contrary, for atmospheric neutrinos, the effects of ν τ regeneration and production of secondary ν e and ν µ fluxes are very small. The explanation is two fold. On one hand, ν τ 's are very rarely produced after cosmic-ray interactions in the atmosphere, and therefore the atmospheric ν τ flux is negligible. On the other hand, these effects are only relevant for very hard spectra. Therefore, for the sake of computational time, we shall not include ν τ regeneration in this study, which nevertheless implies negligible corrections.
In what follows, we use the density matrix,
, where E ν is the neutrino energy and x the path variable. In the case of neglecting neutrino regeneration, the density matrix for neutrinos traversing the Earth obeys the evolution equation [94] 
where Π α is the ν α projector,
is the attenuation length of ν α , with n N (x) the nucleon number density in the Earth 2 and σ tot α (E ν ) the ν α total (CC+NC) cross section, and dσ NC /dE ν is the differential NC cross section. The first term on the right-hand side represents neutrino oscillations, the second term neutrino absorption and the third term the redistribution of the flux due to NC interactions.
In the presence of NSI, the effective Hamiltonian that controls neutrino propagation in matter can be written as
where U is the PMNS mixing matrix,
j the neutrino mass square differences and V e (x) = √ 2 G F n e (x) corresponds to the standard neutrino flavor potential in matter, with n e (x) the electron number density. The effect of NSI is encoded in the last term of Eq. (5), where
, with n f (x) the number density of fermion f , and ε f V is the matrix in lepton flavor space that contains the vector combination of the NSI chiral parameters, ε
As in the case of SM interactions, the matter term for antineutrinos changes sign and one has to make the substitution V f → −V f (and U → U * ). On the other hand, it is convenient to define effective NSI parameters for a given medium (from now on we omit for simplicity the x dependence of the number densities) by normalizing the fermion number density, n f , to the density of d-quarks, n d ,
so that f V f ε f V ≡ V e r ε = V d ε, and r = n d /n e . For the Earth, n n ≈ n p and therefore, r ≈ 3. Given the current constraints on the electron neutrino NSI parameters ε eα , and, for energies above the resonance in the 13-sector (E ν 20 GeV), one of the mass eigenstates (mostly ν e orν e ) decouples from the other two states. Therefore, the ν e → ν µ transition does not affect the IceCube events as it is strongly suppressed and moreover, the initial atmospheric ν e andν e fluxes are much smaller than the ν µ andν µ fluxes. Thus, we can approximately describe the evolution of the system as that of a two-neutrino system, focusing on the 23-block of the evolution Hamiltonian, Eq. (5). Recall that neutrino oscillations are only sensitive to the difference in the diagonal effective parameters, i.e., ε = ε τ τ − ε µµ , which modifies the oscillation probability due a change of the effective matter density felt by neutrinos, while the off-diagonal term, ε µτ , shifts the effective mixing angle in the medium. The diagonal parameter ε characterizes the lack of universality of NC in the µτ -sector, and the off-diagonal ε µτ quantifies the strength of flavor changes in NC interactions.
Before discussing the main features of the transition probabilities at high energies, we would like to point out that the effects of NSI in high-energy atmospheric neutrinos in IceCube differ from the standard approach at lower energies in two ways: 1) Usually, only NSI of neutrinos with quarks and leptons of the first generation can be bounded, via the V f ε f V contributions to the matter Hamiltonian and via the ε udV contributions to CC interactions with pions and nucleons, in addition to the ε eµV contributions at production via muon decay. However, very energetic neutrinos (E ν TeV) can see the strange quark contribution inside nucleons, since for such high energies the strange quark parton distribution function is not negligible. As a consequence, there is an effective energy dependence of production and detection NSI terms (if NSI do not affect all quark flavors with the same strength) through the different contribution of the corresponding parton distribution at different energies. As mentioned above, here we do not consider CC NSI and, as done in the literature, we assume the NC NSI parameters to be equal for all quarks inside the nucleons. Relaxing these assumptions, IceCube data could also be used to bound strange quark CC NSI with neutrinos, by properly taking into account the energy dependence of the s quark contribution to the parton distribution functions.
2) Matter NSI could also modify the total inelastic scattering cross section, by altering the NC cross section, and thus, the absorption term in Eq. (4). Attenuation is negligible at low energies, but it is relevant for the highenergy IceCube neutrinos, so there could be some sensitivity to the presence of NSI. However, CC interactions are ∼ 2.4 times larger than the NC cross sections [82, 83] , so the latter dominate the absorption term and the effect of NC NSI can be safely neglected. Moreover, CC NSI could also be present, but for the values of the CC NSI parameters currently allowed, the NSI effects on attenuation would be very small, implying corrections to the results presented in this work below the percent level. On the other hand, by modifying the NC cross section, NSI would also alter the degradation in energy of the neutrino flux while crossing the Earth. Given the fact that for atmospheric neutrinos this effect is subdominant, we also neglect the NSI correction on the last term of Eq. (4).
In our calculations, we solve numerically the full three-neutrino evolution equation, using the values of the neutrino mixing parameters from Ref. [3] assuming normal hierarchy and including the effects mentioned above. To compute the neutrino propagation through the Earth, we use the publicly available libraries SQuIDS and ν-SQuIDS [95, 96] in the Trunk version found in the repositories [97, 98] . Nevertheless, in order to understand the effects of the diagonal (ε ) Comparison of the ratios of atmospheric νµ (solid lines) andνµ (dashed lines) fluxes at the detector (after propagation) with NSI to those without NSI, for εµτ = 0.003 (thin blue lines) and 0.006 (thick red lines). In both panels, the ratios are shown for cos θz = −1 and we have chosen ε = 0. For illustration, we show the gray area, which corresponds to the energy interval that produced 90% of the events in the entire sample considered here in the absence of NSI effects.
and off-diagonal (ε µτ ) NSI parameters in the energy range we consider, it is interesting to note that, for atmospheric neutrinos, the interplay of neutrino oscillations and attenuation in the Earth can be well described by an overall exponential suppression in the oscillated fluxes, i.e.,
where φ 0 µ is the atmospheric ν µ (orν µ ) flux before entering the Earth and L(θ z ) is the baseline across the Earth in a direction with zenith angle θ z . In this way, it is illustrative to study analytically the oscillation probabilities in the approximation of constant matter density (assuming constant NSI parameters), i.e., the solution of the evolution equation neglecting attenuation and energy degradation, regeneration and secondary production (see Ref. [41] for a detailed discussion) and for constant density. In this case, the two-neutrino oscillation probability after propagating over a distance L, P (ν µ → ν τ ) = 1 − Tr{Π µ ρ}, is given by [99] 
where
For the energies we consider in this work (E ν > 100 GeV), neutrino oscillations in vacuum are suppressed for baselines comparable to or smaller than the Earth diameter, φ vac ≡ ∆m In both panels we choose the NSI off-diagonal parameter to be εµτ = 0.006 and the diagonal parameter to be ε = 0. We also show two gray lines, which bound the energy interval in which 90% of the events in the entire sample ( assuming no NSI) are produced.
which the vacuum and matter terms in the oscillation phase are of the same order of magnitude, i.e., R 0 = O(1), the transition probability approximately reads
Considering normal hierarchy, for neutrinos (R 0 sin 2ξ > 0) this probability is enhanced and thus, the ν µ flux is suppressed with respect to the case without NSI (vacuum oscillations, R 0 sin 2ξ = 0), whereas for antineutrinos (R 0 sin 2ξ < 0) it is the other way around. It is interesting to note that inČerenkov detectors like IceCube, neutrinos cannot be distinguished from antineutrinos, so this effect tends to partially cancel out, as we will see below. These differences can be clearly seen for neutrino energies E ν = O(100 GeV) in both panels of Fig. 1 , where we show the effect of neutrino propagation through the Earth with and without NSI. This regime corresponds to the low-energy part of the event sample we consider, as illustrated by the gray area in both panels, which represents the energy interval that produced 90% of the events in the entire sample assuming no NSI (5% upper cut and 5% lower cut).
Notice that in this section we use true neutrino energies and zenith angles, whereas the IceCube events are described by reconstructed variables which differ from the true ones, mainly in the case of the reconstructed energy, which is always smaller than the true neutrino energy.
In the left panel of Fig. 1 , we plot the ratio of the propagated to unpropagated atmospheric ν µ (solid lines) andν µ (dashed lines) fluxes with (thick red lines) and without (thin green lines) NSI, whereas in the right panel, we show the ratios of atmospheric ν µ andν µ fluxes at the detector (after propagation) with NSI to those without NSI. In the left panel we show the case of ε µτ = 0.006 (thick red lines) and no NSI, ε µτ = 0, (thin green lines) and in the right panel we depict the ratios for two representative values of the NSI off-diagonal parameter ε µτ = 0.003 (thin blue lines) and 0.006 (thick red lines). In both panels, we consider muon neutrinos and antineutrinos traversing the entire Earth, cos θ z = −1, and we have set ε = 0 (sin 2 2ξ = 1). In the left panel, in addition to the effect of oscillations at low energies (even without NSI), we can clearly see the effect of attenuation (and the subdominant degradation in energy via NC interactions) at higher energies. These curves approximately represent the product of the oscillation and attenuation terms in the right-hand side of Eq. (7). The differences between the neutrino and antineutrino results are two fold: at low energies the oscillation probabilities and, at all energies in the plot, the total cross sections, and thus, the attenuation factors, are different for neutrinos and antineutrinos. On the other hand, the effect of attenuation is factored out in the right panel, which approximately represents the ratio of the survival probabilities with and without NSI. Note that, at first order, the transition probability for energies E ν = O(100 GeV), Eq. (14), is independent of ε and thus, there is little sensitivity to the diagonal NSI parameter. In the limit of ε ε µτ (sin 2ξ 0), at high energies, vacuum mimicking is realized [100] , but the oscillation phase is suppressed. Hence, there is significantly more sensitivity to ε for E ν < 100 GeV [22, 31-38, 40-45, 47, 50] .
On the other hand, in the high-energy limit, the matter term dominates over vacuum oscillations, i.e., φ mat φ vac or R 0 1. In this regime, the two-neutrino oscillation probability, Eq. (8), is approximately given by
with R ⊕ the radius of the Earth. Then, for φ mat 1, the transition probability
is proportional to ε 2 µτ and becomes independent of ε [101] , and the same result holds for antineutrinos. This is also clearly seen in the high-energy regime shown in the right panel of Fig. 1 , where one can see that the neutrino and antineutrino ratios of (approximately) oscillation probabilities coincide. As a consequence, the high-energy IceCube atmospheric neutrino sample cannot significantly constrain the diagonal NSI parameter ε , so in our analysis we use information on ε based on the SK limits [39] (see below), obtained from its potential effects at lower energies using the zenith distribution.
Finally, in Fig. 2 , in addition to the energy dependence, we also show the dependence on the zenith angle of the ratios depicted in Fig. 1 . The effect of NSI in the neutrino propagation through the Earth is illustrated for ε µτ = 0.006 and ε = 0. In the left panel, analogously to the left panel of Fig. 1 , we show the ratio between the initial atmospheric ν µ flux and the ν µ flux in the detector. In the right panel, we isolate the effect produced by the NSI on the oscillation probabilities, as in the right panel of Fig. 1 , displaying the ratio between the final fluxes for ε µτ = 0.006 and ε µτ = 0., i.e., with and without NSI. Note that the left vertical axis (cos θ z = −1) in both panels corresponds to the red solid lines in both panels of Fig. 1 . We clearly see the well-known effects of attenuation that shift to higher energies for more horizontal trajectories (left panel) and the NSI-induced oscillations of the atmospheric ν µ flux, which represent a flux suppression that, at high energies, only depends on the zenith angle (right panel).
III. DATA DESCRIPTION
The IceCube data we consider in this paper is the same sample used to search for light sterile neutrino signatures [53] . It contains 20145 events detected during 343.7 days of live data in the period 2011-2012 using the full IceCube 86-string configuration. These events correspond to upgoing neutrinos from the Northern hemisphere, which are dominantly produced by atmospheric ν µ andν µ CC interactions with nucleons of the material surrounding the detector, the so-called through-going muon tracks. The contamination from other sources is found to be below the 0.1% level [53] . The reconstructed muon energies in the detector of this sample lie in the range E rec µ (300 GeV − 20 TeV) and the neutrino energies mostly contributing to these events are indicated by the gray bands (lines) in Fig. 1 (Fig. 2) .
Through-going track events are produced after ν µ andν µ CC interactions produce muons outside the instrumented volume, that traverse the detector while depositing energy along their trajectory (the track). At these energies, muons travel along (almost) the same direction of the parent neutrino, which is reconstructed with very good angular resolution (within one degree or better, i.e., σ cos θz 0.005−0.015 [53] ). On the other hand, due to radiative losses, the fact that the position of the interaction vertex is unknown implies a large uncertainty in the estimation of the initial muon energy, which in turn is always smaller than the incoming neutrino energy. The muon energy when entering the detector is estimated based on the energy losses along the track [102] with a resolution of σ log(Eµ/GeV) ∼ 0.5 [53] .
For our analysis, we use the high-statistics Monte Carlo released by the IceCube collaboration along with the data, which allows us to relate the true variables (neutrino energy and direction) to the reconstructed observables (deposited energy and track zenith angle) and to do a realistic treatment of the detector systematic uncertainties, which are described below.
In order to understand the different features in the neutrino propagation induced by the NSI effects, and discussed in detail in previous sections, we simulate 1000 realizations of mock data corresponding to one year of observation. In the left panel of Fig. 3 , we show the expected difference in the number of events between the hypotheses without NSI (ε µτ = ε = 0) and that in which NSI are included, with ε µτ = 0.006 (and ε = 0), as a function of the reconstructed muon energy E rec µ and zenith angle θ rec z . It is clear from that panel that the largest differences in the expected number of events with and without NSI occur for neutrinos crossing the core of the Earth with energies ∼TeV.
Although Fig. 3 clearly illustrates the region in the parameter space which is sensitive to the NSI effects, we also quantify it statistically by defining a Poisson likelihood for each i-th bin (defined by an interval in E rec µ and θ rec z )
) refers to the average over all realizations of the number of simulated events (number of simulated events for an individual realization) in the i-th bin. On the right panel of Fig. 3 , we show the expected average over all realizations of the log-likelihood difference between the null (assuming no NSI) and the NSI hypotheses (for ε µτ = 0.006 and ε = 0). Notice that the two panels of Fig. 3 look very similar, which indicates that the impact of NSI is what pulls the statistical significance, rather than the higher statistics around the horizon, with shows a negligible dependence on NSI effects. Therefore, as already anticipated, the most sensitive region in the reconstructed variables is that corresponding to neutrinos that travel through the core of the Earth, i.e., cos θ rec z −0.8, with reconstructed energies for which the data sample has the higher statistics, i.e., E rec µ ∼ O(TeV). This is expected, as the NSI effects turn out to be approximately energy independent.
Indeed, this energy independence can be clearly noticed from the results shown in the right panel of Fig. 4 , where we depict the ratio of neutrino plus antineutrino events including NSI (ε µτ = 0.006 and ε = 0) to the number of events without NSI (i.e., with ε µτ = 0 and ε = 0). In analogy to the right panel of Fig. 1, in Fig. 4 , we also show the ratios of neutrino (left panel) and antineutrino (middle panel) events including NSI (ε µτ = 0.006 and ε = 0) to either neutrino or antineutrino events without NSI (ε µτ = 0 and ε = 0). As expected, when NSI are at play, the ratio of events grows with energy for neutrinos and decreases with energy for antineutrinos in a very similar manner, and, consequently, once these two contributions are summed up (representing the measurable quantity in the IceCube neutrino telescope), their energy dependence approximately cancels out. 
IV. RESULTS
In this section we describe the results arising from our analyses. Firstly, we describe the different ingredients that enter into the definition of the likelihood and then we show the results obtained with the current one-year through-going muon IceCube data [53] . Finally, we also perform forecast analyses with 10 years of simulated data considering two different hypotheses, with or without NSI.
A. Analysis methodology
Our analyses include several nuisance parameters that take into account systematic uncertainties in the atmospheric neutrino flux, in the neutrino parameters and in the detector properties. We include nuisance parameters for the normalization of the atmospheric neutrino flux, N , for the pion-to-kaon ratio in the atmospheric neutrino flux, π/K, and for the spectral index of the atmospheric neutrino spectrum, ∆γ. Furthermore, we include a nuisance parameter that accounts for uncertainties in the efficiency of the digital optical modules of the detector, DOM eff . As for the neutrino parameters, we also take into account the current uncertainties in ∆m 2 31 and θ 23 . In addition, other potentially important systematic errors come from uncertainties in the primary cosmic-ray flux and the hadronic interaction models. Our default choice for most of the results presented below is the combined Honda-Gaisser model and GaisserHillas H3a correction (HG-GH-H3a) for the primary cosmic-ray flux [103] and the QGSJET-II-4 hadronic model [104] , although we also consider the Zatsepin-Sokolskaya (ZS) flux [105] and the SIBYILL2.3 hadronic model [106] .
The uncertainty on the flux normalization represents an overall normalization of the number of events which affects equally all bins in relative terms, and we allow it to vary freely within a factor of 2 (larger than current uncertainties [107, 108] ) of the central value. It is important to fit this parameter because it can be significantly different from one, mainly for the ZS primary cosmic-ray flux. The pion-to-kaon ratio affects the relative contribution to the neutrino flux from pion or kaon decays. A larger value π/K implies a softer spectrum, as the neutrino flux from kaon decays is harder. We use π/K normalized to one and consider a Gaussian prior of 10%. The uncertainty on the spectral index represents a tilt in the energy spectrum of the atmospheric neutrino flux with a pivot energy near the median of the neutrino energy distribution (so this correction is not very correlated with the normalization), and we apply a Gaussian prior with a 5% error. Finally, the uncertainty in the optical efficiency affects the determination of the reconstructed energy, so that a larger DOM eff implies a shift to larger energies. For this nuisance parameter we consider a flat prior, which in practice equals to allow it to float freely.
On the other hand, as we discussed above, the high-energy IceCube atmospheric neutrino sample cannot significantly constrain the diagonal NSI parameter ε , so we constrain this parameter by means of the SK limits, which were obtained using data at lower energies. The SK bound reads [39] ,
and from Fig. 4 in Ref. [39] , we set the 1σ C.L. prior on ε to σ ε = 0.040. To quantitatively assess the power of the high-energy atmospheric neutrino one-year IceCube data to constrain NSI in neutrino propagation in matter, we perform a likelihood analysis using all the events in the data sample and characterizing each event by its reconstructed muon energy and zenith angle. The full likelihood is defined as the bin product of the Poisson probability of measuring N data i for the expected value N th i times the product of Gaussian probabilities for the pulls of the nuisance parameters. The log-likelihood (up to a constant) is given by
where the subindex i refers to a bin in E rec µ and cos θ rec z , N th i (ε µτ , ε ; η) is the expected number of evens for a given value of the NSI (ε µτ and ε ) and nuisance (η ≡ {N, π/K, ∆γ, DOM eff , ∆m is the number of data events in the same i-th bin. The index j corresponds to the nuisance parameters with Gaussian prior (π/K, ∆γ, ∆m 2 31 and θ 23 ) and σ j is the Gaussian error. To compute the likelihood for a given value of the parameters, we first propagate the neutrino fluxes from the atmosphere to the detector for both neutrinos and antineutrinos, then we weigh the events from the IceCube Monte Carlo with the propagated flux, which is a function of the true neutrino energy E ν and the zenith angle θ z , and we construct two-dimensional histograms as a function of the reconstructed variables: E rec µ and θ rec z (20 energy and 20 angular bins). With this likelihood, we perform a Bayesian analysis using the MultiNest nested sampling algorithm [109] [110] [111] in the NSI and nuisance parameter space. All the parameters, together with their range of variation and the type of prior considered, are summarized in Tab. I.
B. Current bounds
The results, using our default models for the primary cosmic-ray spectrum and hadronic interactions, are shown in Fig. 5 , where we depict the 68% and 95% credible contours (posterior probabilities). Concerning the NSI parameter ε µτ , which is the main goal of this paper, its correlation with the continuous systematic parameters we consider is small. This is somehow expected, as in the O(TeV) energy range, the main signature of the presence of matter NSI is via the distortion of the angular distribution of the atmospheric neutrino events and all these systematics mostly affect the atmospheric neutrino energy spectrum, modifying very little its angular distribution. Notice indeed that most of the parameters are not much correlated among themselves, an exception being the pion-to-kaon ratio (π/K) and the flux normalization (N ), which show a clear anticorrelation.
From this analysis, using the high-energy atmospheric neutrino IceCube data, we obtain the most stringent bound on ε µτ to date,
The interval is rather symmetric with respect to zero, as the NSI effects depend mainly on ε 2 µτ . Our result improves over the SK limit [39, 46] ,
over the result of a preliminary analysis of three-year DeepCore data [49] ,
and it is very similar to that obtained in Ref.
[41] using 79-string IceCube configuration and DeepCore data,
although note that we have included a number of nuisance parameters not considered in Ref. [41] . Posterior (68% and 95%) probability contours for the NSI parameters εµτ and ε along with several nuisance parameters, using the one-year through-going muon IceCube data [53] . On the right panels, we also depict the one-dimensional posterior probability distribution of the parameter corresponding to each column. In all the panels we also include the uncertainties on ∆m To further assess the lack of correlation of ε µτ with the nuisance parameters and the stability of our results with respect to their variation, in the left panel of Fig. 6 we overimpose the contours obtained when fixing all nuisance parameters to their default values (see Tab. I) to those shown in Fig. 5 , where they are varied as described above. It is clear that these systematics affect very little the final bound on ε µτ , which gets modified as
for the most optimistic case of not including systematic uncertainties in the analysis. This is a more fair comparison with the results of Ref. [41] . We also study the impact of using different primary cosmic-ray spectra and different hadronic interaction models on our results. As discussed above, neutrino NSI in matter may produce a suppression in the high-energy upgoing atmospheric muon data in IceCube, with a characteristic angular dependence (and little energy dependence). Different combinations of primary cosmic-ray spectrum and hadronic models imply slightly different angular distributions for the atmospheric neutrino flux and hence, potentially, they are an important source of systematic uncertainties on the NSI sensitivity reach of neutrino telescopes. In the right panel of Fig. 6 we show the results for different choices of cosmic-ray spectra and hadronic interaction models. We depict the posterior probabilities for ε µτ , marginalized with respect to the rest of the nuisance parameters and ε , for each of the four possible combinations. Indeed, the allowed range of ε µτ arising from our default combination of models (HG-GH-H3a + QGSJET-II-4) turns out to be very similar to the resulting ones from all possible combinations, whose bounds on ε µτ are:
Finally, in Fig. 7 , we show the event spectrum, integrated in the entire interval in reconstructed muon energy 3 , as a function of cos θ rec z . We show the histogram of the detected through-going atmospheric muon events after one year (black dots), together with their error bars and the expectation for the cases without NSI (red histogram) and when NSI are included with ε µτ = 0.006 and ε = 0 (blue histogram). We indicate the uncertainty due to the choice of the primary cosmic-ray spectrum and hadronic models by the width of the histograms, although the variation is very small. In all cases we consider the best fit values for the parameters. As discussed in previous sections, we see that the presence of NSI implies a suppression of the atmospheric neutrino flux, and hence the observed through-going muon spectra, for neutrinos crossing the core of the Earth, i.e., for cos θ z −0.8.
All our results are summarized in Tab. II. 
C. Forecast analyses
Finally, in order to assess the capabilities of the IceCube detector when using the high-energy atmospheric neutrino data to constrain matter NSI, we perform two forecast analyses for 10 years of simulated data. Therefore, we simulate 10 years of data and use the same priors on all parameters as described above, except from ∆m 2 31 and θ 23 which we fix to their best fit values and from ε which we take σ ε = 0.03, and our default combination of primary cosmic-ray and hadronic interaction models (HG-GH-H3a + QGSJET-II-4). The results are shown in Fig. 8 and in the left panel of Fig. 6 .
On one hand, we simulate data assuming the case without NSI to be the true case realized in Nature (blue contours). As expected from current bounds (see Fig. 5 ), the systematics described by the nuisance parameters we consider do not play a significant role for future analyses, although some small correlations start to show up more clearly, which partially limit the expected reach. After 10 years of collecting data, we would expect ε µτ to be constrained in the interval 
Note that, with a factor of 10 more statistics, the improvement in the limits on NSI will be of about a factor of two. This can also be seen in the left panel of Fig. 6 , where we show the 68% and 95% credible contours in the ε µτ − ε plane (black closed curves).
On the other hand, it is also interesting to consider the discovery potential in case of the presence of matter NSI. In order to do this, we simulate 10 years of data including NSI assuming that Nature has chosen ε µτ = 0.006 (which represents a value allowed by current data with about 90% probability) and ε = 0. As it is clear from Fig. 8 , for this large value of ε µτ (red contours), future IceCube measurements would be able to detect the presence of matter NSI at a high significance, although the quadratic ε µτ -dependence of the effects would render impossible to determine the sign of ε µτ . FIG. 8. Posterior (68% and 95%) probability contours for two 10-year forecasts of high-energy atmospheric neutrino data in IceCube. We show the results assuming the data corresponds to the case without NSI (blue contours) and when the data includes NSI with εµτ = 0.006 and ε = 0 (red contours). On the right panels, we also show the one-dimensional probability distribution of the parameter corresponding to each column. The atmospheric neutrino parameters ∆m 2 31 and θ23 are fixed to their current best fit values.
V. SUMMARY AND CONCLUSIONS
The IceCube neutrino telescope, along with its low-energy extension DeepCore, is currently the leading experiment to detect high-energy neutrinos. After a few years of operation, statistics have been accumulated and a number of studies of atmospheric neutrinos have been performed. Atmospheric neutrino flux measurements have been carried out in a wide range of energies [112] [113] [114] [115] [116] [117] , low-energy atmospheric neutrino data have been considered to constrain neutrino oscillation parameters to levels comparable to other neutrino oscillation experiments [51, 52] , low-energy data have also been used to set constraints on matter NSI [49] , and light sterile neutrinos, claimed as possible explanations of short baseline neutrino anomalies [118] [119] [120] [121] [122] [123] [124] [125] , have been searched for with atmospheric neutrinos with energies up to O(10 TeV) [53] .
Although there are still unknowns within the standard picture of neutrino oscillations, new interactions in the neutrino sector, driven by dimension six (or higher) operators, could also give rise to sub-leading effects in neutrino production, propagation and detection. In this work we have considered the high-energy atmospheric neutrino data (previously used to search for sterile neutrinos in Ref. [53] ), i.e., high-energy through-going muon events, to evaluate the impact of matter NSI in the neutrino propagation through the Earth. Our analysis represents the most stringent limit on the µτ -sector off-diagonal parameter ε µτ to date and it is complementary to other studies in the literature, which focus on atmospheric neutrino events at lower energies [34-39, 41, 44-46, 48, 49] and to the results obtained using the 79-string IceCube configuration [41] .
We have first reviewed the formalism of matter NSI, which is relevant for high-energy atmospheric neutrinos (Sec. II). Although we have computed neutrino propagation in a full three-neutrino framework taking into account Earth attenuation and degradation in energy due to NC interactions, at the energies we consider, the description in terms of a two-neutrino system represents a very good approximation, as the (mostly) ν e state decouples. Therefore, we have described the main features within this approximation as two-neutrino oscillations in the µτ -sector. We have illustrated the effect of flavor transitions, with and without NSI, and attenuation by depicting ratios of propagated to unpropagated neutrino and antineutrino fluxes (left panels of Figs. 1 and 2) and have also isolated the effect of NSI by considering ratios of propagated fluxes with and without NSI (right panels of Figs. 1 and 2 ).
Then, we have briefly described the high-energy upgoing muon sample used to perform our analysis (Sec. III) and, to understand the features previously discussed at the level of fluxes, we have also studied their impact on the current observables, which cannot distinguish neutrinos from antineutrinos. In order to do so, we have simulated mock data and have shown the difference of expected number of events with and without NSI (left panel of Fig. 3 ) and the statistical pulls of NSI effects (right panel of Fig. 3 ) as a function of observables: reconstructed muon energy and zenith angle. As the energy dependence of the NSI effects for neutrinos and antineutrinos either tend to cancel out (at low energies in our sample) when both contributions are summed up, or are the same (at higher energies), the dominant distortion of the total event spectrum occurs in the angular distribution (Fig. 4) .
In the likelihood we define to perform our statistical analysis (Sec. IV A), we have also included several nuisance parameters to describe systematic uncertainties on the atmospheric neutrino flux, on the neutrino parameters and on the detector properties, and have used a prior on the value of the diagonal NSI parameter ε from SK measurements (Tab. I). Our results (Sec. IV B) turn out not to be very correlated with any of the continuous parameters we consider (Fig. 5) and we obtain a limit on the off-diagonal term ε µτ (Tab. II). The bound, for the combination of primary cosmic-ray and hadronic models HG-GH-H3a + QGSJET-II-4, is − 6.0 × 10 −3 < ε µτ < 5.4 × 10 −3 90% C.I. ,
which represents the most stringent limit on this parameter to date.
This limit is very stable with respect to all the continuous nuisance parameters we consider, which can be safely fixed to their default values without affecting significantly the bound (left panel of Fig. 6 ). On the other hand, we find the main source of systematic uncertainties to lie in the choice of the combination of primary cosmic-ray and hadronic interaction models (right panel of Fig. 6 ). This is explained by the angular dependence of the event spectrum, which is slightly different for each of these combinations. We have also shown this uncertainty by depicting the event spectrum with and without NSI (Fig. 7) as a function of the zenith angle, accounting for the range of the four combinations we consider. Finally, we have also performed a forecast with simulated data for 10 years in IceCube (Sec. IV C) and noted that, although limits will not improve dramatically (within a factor of two), in case of the existence of large NSI, consistent with current limits, IceCube high-energy atmospheric neutrino data can establish its presence at high confidence (Fig. 8) .
Unveiling the values of the parameters of the neutrino sector with high precision requires experimental setups that allow us to test different ranges of energies and baselines. In particular, it requires high-precision measurements, sensitive to non-canonical, sub-leading effects, as those caused by the potential existence of NSI. Neutrino telescopes as IceCube are sensitive to a wide range of energies and baselines and provide an excellent tool to explore possible new neutrino interactions beyond the standard neutrino oscillation paradigm by means of high-energy atmospheric neutrinos. Higher statistics will allow us to further test this scenario and in this regard, a future high-energy extension of the IceCube detector [126] and the planned KM3NeT telescope [127] will have a crucial role.
